It is generally thought that mean luminance and low spatial frequency information in a visual image are sharply attenuated at the retina, due to processes of light adaptation and the spatial filtering effects of lateral inhibition. Our results from interocular luminance masking suggest, however, that cortical masking effects play a primary role in the attenuation of low frequency sensitivity. Results also revealed that interocular luminance masking saturates and that semisaturation occurs where left and right eye luminances are equal, implying that the test luminance limits the effectiveness of the mask through interocular gating.
Introduction
At high background luminance, the human contrast sensitivity function (CSF) has a characteristic bandpass shape, with sensitivity falling off for spatial frequencies both lower and higher than the peak of 2 -4 cpd. The attenuation of the CSF at low spatial frequencies is often considered to be caused by lateral inhibition in retinal ganglion cells (Kelly, 1975; Derrington & Lennie, 1982; Enroth-Cugell, Robson, Schweitzer-Tong & Watson, 1983; Rohaly & Buchsbaum, 1989 ). This concept is in line with the thinking that an important function of retinal processing is to discard background luminance so that pattern information can be processed efficiently at higher levels (e.g. Whittle & Challands, 1969; Barlow, 1972; Shapley & Enroth-Cugell, 1984; Troy & Enroth-Cugell, 1993) . Some investigators attribute any effect that is due to a uniform field to retinal mechanisms (Bowen & Wilson, 1994) . On the other hand, it is also recognized that luminance information is available to post-retinal processing (Wilcox & Barlow, 1975; Troy & Enroth-Cugell, 1993 ). An alternative explanation for the low-frequency attenuation in the human CSF is that background luminance information has a masking effect on low spatial frequencies, just as the detection of any pattern can be masked by the addition of a high contrast pattern with similar spatiotemporal properties (Yang & Makous, 1994) . Such a masking effect would presumably be cortical, since it would involve interactions among spatial-frequency tuned visual mechanisms, and might therefore occur interocularly. As the energy of the background field is restricted to low spatial frequencies due to spatial truncation and retinal inhomogeneities (Yang & Makous, 1997) , the possible effect of interocular luminance masking should be confined to low spatial frequencies.
The purpose of the current study was to understand the effects of overall luminance on post-retinal mechanisms of spatial vision. The first aim is to test whether the retina, the cortex, or both are responsible for the attenuation of CSFs at low spatial frequencies, using a paradigm of interocular luminance masking. The test eye saw a sine wave grating with a low mean luminance, and the non-test eye saw a uniform field of variable luminance. It is well known that the sensitivity attenuation at low spatial frequencies is more pronounced at high mean luminance than that at low mean luminance (Van Nes & Bouman, 1967) . If this low frequency specific attenuation is caused by lateral inhibition in the retina, adding a high intensity uniform field to the non-test eye should not change the shape of the sensitivity function. On the other hand, if the interocular luminance masking paradigm does produce a frequency-specific attenuation in sensitivity to gratings presented to the test eye, it would show that mean luminance information does in fact survive retinal processing and furthermore can interfere with pattern detection through interactions at the cortical level. As we will show, the results from the experiments reported here support this basic conclusion.
Previous studies have indicated that the effect of interocular light adaptation on visual sensitivity depends on the conditions of testing (e.g. Makous, Teller & Boothe, 1976; Auerbach, Dö rrenhaus & Cavonius, 1992; Robson, Carroll & Joyner, 1996) . The second aim is to manipulate the mean luminance of test and mask systematically in order to understand how binocular interactions influence the degree of masking.
Methods
Contrast sensitivity functions were measured in one eye (right eye) while the other eye (left eye) saw a uniform field of the same size, viewed through the stimulator attachment of a dual Purkinje eye tracker (Crane & Clark, 1978) . The uniform field was obtained by placing a red LED conjugate to the pupil plane of the left eye. Test stimuli were generated by a Cambridge Research Systems VSG 2/3 board and displayed on an Image Systems monitor that was linearly gamma corrected with 12-bit resolution, viewed by the right eye. A red filter that matched the color of the LED was added to the right optical path. The computer controlled LED had 12-bit resolution, and was linearlized with a lookup table. Retinal illuminance of the fields as seen through the optics was determined by making a visual match with a directly viewed uniform field. Artificial pupils of 2 mm in diameter were placed conjugate to the pupil plane of both eyes. Apertures were placed in the stimulator optics to limit the field of view in both eyes to a circular field of 11°diameter. The visual field outside this area was dark. A mouth bite was used to stabilize the head position. Test patterns to the right eye were vertical sinusoidal gratings ranging from 0.15 to 16 cpd at low mean illuminance of either 8 or 1.7 trolands. In these low illuminances, the base contrast sensitivity functions are almost low-pass, thus any possible effects of low-frequency attenuation by interocular masking, if there are any, can be shown easily.
The contrast of the grating was temporally modulated following the first-half period of a 1 Hz sine wave. Contrast thresholds were measured by temporal forced choice between two 500 ms intervals separated by 500 ms. The observers responded by pressing one of two buttons to signal which interval appeared to contain the target. A fixation cross was displayed before and after each stimulus interval. Auditory signals were used to demarcate the intervals and to inform the observer about the correctness of each response. Contrast thresholds were determined using an adaptive staircase procedure (Watson & Pelli, 1983) which adjusted the contrast of each trial to determine the contrast at which the observer was 84% correct with a 95% confidence interval of 9 0.1 log contrast. Individual data reported here are geometrical means over at least five sessions run over several days.
The illuminance of the uniform field seen by the non-test eye (i.e. left eye) was either steady or temporally modulated in synchrony with the contrast of the test grating, following the first-half period of a 1 Hz sine wave. The peak illuminance spanned from 0.03 to 433 trolands. In experiments 1 and 2, the peak illuminance of the masking field (seen by the non-test eye) was constant during a single session. Different test frequencies were presented in blocked trials. Two minutes light adaptation to the mean luminance preceded the beginning of each session. In experiments 3 and 4, the test frequency was fixed at 0.15 cpd, and different intensities of the masking field were presented in increasing order with blocked trials. There were 2 min dark adaptation at beginning of each session and 30 s light adaptation at the beginning of each block.
The two authors SBS (left-eye ocular dominance) and JY (right-eye ocular dominance) with corrected vision served as observers in the experiments. Nonius lines were used to monitor binocular alignment and absence of rivalry. A trial was rejected by the observer if one of the nonius lines disappeared due to binocular rivalry. Fig. 1 shows the amplitude (i.e. the product of the contrast and mean illuminance of the grating) sensitivities for grating detection with the non-test eye seeing a steady uniform field of 0.50 td (circles) or 433 td (squares). The mean illuminance seen by the test eye was 8 td. The increase of the illuminance of the masking field had barely any effect on the sensitivities to middle and high spatial frequency gratings. This is in agreement with previous reports that interocular luminance masking has little effect on sensitivity. However, the results do show that the luminance seen by the non-test eye attenuated sensitivity to lower spatial frequency gratings, with a maximal reduction of 0.3 log unit at 0.15 cpd for both subjects.
Experiment 1
These data suggest that cortical mechanisms contribute, in part, to the often observed sensitivity attenuation at low spatial frequencies. This interocular effect challenges those theories that rely on retinal mecha- Fig. 1 . Results of experiments 1 and 2. Monocular amplitude sensitivity for grating detection versus spatial frequency, when the non-test eye saw a masking uniform field of 0.5 (circles) or 433 (squares and triangles) trolands. The masking field was either steady (circles and squares) or synchronized with the test contrast (triangles) which was modulated following the first half period of 1 Hz sine-wave. The mean illuminance of the test was 8.0 trolands. Error bars represent 91 S.E. obtained from (A) ten repetitions for JY and (B) five repetitions for SBS. The letter m in the parentheses indicates that the mask field was modulated, and s indicates steady (log amplitude can be converted to log contrast by adding 0.9).
nisms to explain low frequency roll-off in contrast sensitivity functions, and the results are consistent with the theory of 'implicit masking' (Yang, Qi & Makous, 1995) , which attributes the low frequency attenuation to masking by low spatial and temporal frequency components inherent in the background field and spatial inhomogeneities in the visual system.
Experiment 2
In experiment 1, the contrast of the test grating was temporally modulated while the mask was held steady. Previous work has shown that the interaction between a background and a test depends on both spatial and temporal similarity (Yang & Makous, 1994 . This effect is illustrated in Fig. 2 , which shows schematically how the background and test energies overlap in spatiotemporal frequency. The spectrum of a steady background luminance is represented in Fig. 2A by a gray oval centered at the origin in the spatiotemporal frequency domain and the grating component is represented by the dark oval that is more elongated in the vertical direction due to the spread of its temporal frequency components. Because the test is temporally modulated and the mask is not, much of the energy in the test is not masked. If the background luminance is also modulated in synchrony with the test, as depicted in Fig. 2B , all spatio-temporal components of the test have corresponding masking components and so the masking effect should be greater.
We tested whether this idea can be applied to interocular masking by modulating the luminance of the non-test eye in synchrony with the contrast modulation of the test grating. The voltage that was supplied to the LED was calculated based on a lookup table to provide required luminance modulation. Between trials, the illuminance of the non-test eye was 0.50 troland, but during each interval the luminance increased to a peak of 433 trolands and back to 0.50 troland, following the first-half period of a 1 Hz sine wave. The resulting amplitude sensitivities for the two observers are shown as triangles in Fig. 1 . The interocular masking effect with modulated luminance is much stronger than with steady luminance (squares), with a maximal reduction of about 0.6 log unit at 0.15 cpd. The effect is still limited to low spatial frequencies, with little or no Fig. 2 . Schematic illustration of frequency domain interactions between mask and test. Each component is represented by an oval, indicating roughly the range of spatial (sf) and temporal frequencies (tf) stimulated by it. The uniform masker (light gray) and the test grating (dark gray) overlap less when the masker was static (A) than when the masker was synchronized with the contrast modulation (B). The frequency spreading of the mask and test are produced by spatial and temporal truncation of the stimuli and perhaps additionally by spatial and temporal inhomogeneities in the visual system. Fig. 3 . Results of experiments 3 and 4. Threshold elevation versus masking illuminance seen by the non-test eye, when the mean illuminance of the test was 1.7 (triangles) or 8.0 (circles and squares) trolands. Threshold elevation is the log of the ratio of masked to unmasked contrast detection threshold. The masking field was either steady (squares) or synchronized with the test contrast (triangles and circles)which was modulated following the first half period of 1 Hz sine-wave. The spatial frequency of the test was 0.15 cpd. Error bars represent 9 1 S.E. obtained from (A) ten repetitions for JY and (B) five repetitions for SBS. Note that the effectiveness of the mask in one eye depends on the illuminance level of the test in the other eye (indicated by arrows on horizontal axis). The letter m in the parentheses indicates that the mask field was modulated, and s indicates steady.
masking for spatial frequencies above about 1 cpd. This is consistent with the idea that the magnitude of the masking effect is determined by the energy overlap between the test and the mask components in the spatiotemporal frequency domain.
Experiment 3
The results from experiments 1 and 2 all showed that the luminance seen by the non-test eye selectively desensitized visual sensitivity at very low spatial frequencies. Assuming that the same sort of effect occurs within an eye, it suggests that cortical mechanisms have a significant influence on the shape of CSFs. However, the effect of only 0.3 log unit is smaller than what would be expected from perfect binocular summation of the two fields, given the range of illuminances tested. When mean illuminance of a grating is changed over a comparable range, there is an overall change in sensitivity and a more dramatic change in shape. For a comparison, in the current results, there is no overall sensitivity change and the sensitivity reduction at very low spatial frequencies is about half what would be expected.
To provide a more complete picture of interocular luminance masking, we examined the relationship between mask intensity and effectiveness, using a 0.15 cpd grating. Fig. 3 shows threshold elevation in the test eye plotted against the illuminance seen by the non-test eye.
The masking field was either steady (squares) or synchronized (circles) with the test, which in both cases was modulated following the first half-period of a 1 Hz sine wave. The effect of the mask increased with illuminance initially, but then reached an asymptote which depended on whether the mask was steady or modulated. The inflection point of the curves occurred at approximately the illuminance of the test, 8 trolands, indicated by an arrow on the horizontal axis.
Experiment 4
The saturation effect observed in the results plotted in Fig. 3 might arise from either retinal or post-retinal processes. For example, it has been suggested that surround inhibition in retinal ganglion cells is weak at low luminance levels and strong at high luminance levels (Derrington & Lennie, 1982; Enroth-Cugell et al., 1983) , so that their ability to filter out very low spatial frequency information would depend on mean luminance. On the other hand, the fact that the curves in Fig. 3 have an inflection point at approximately the mean luminance of the test suggests that the saturation might be due to a binocular interaction of some kind. In the next experiment, the test illuminance was reduced to 1.7 trolands in order to determine whether the saturation effect showed a binocular interaction.
The resulting threshold elevation is plotted against mask illuminance as triangles in Fig. 3 . The masking effect once again saturated at 0.7 -0.8 log units of threshold elevation, but the saturation occurred at a lower illuminance level, evident as a leftward shift of the new curve (triangles) from the original curve (circles) in Fig. 3 . The extent of this shift is very nearly the same as the change in test illuminance (0.68 log units). It appears then that the saturation in interocular luminance masking is due to a binocular interaction.
From the curves in Fig. 3 , we can see that the semisaturation constants are close to the mean illuminance seen by the test eye and that the asymptotes were almost the same for the two modulated mask conditions. These factors suggest that the saturation is caused by interactions between the two eyes, and can be modeled by an interocular gating: for example, if the luminance to the non-test eye were gated by the luminance to the test eye prior to their binocular summation. This can be expressed quantitatively, where the signals from the non-test eye and the test eye are
and
Here, I t and I m are the mean illuminance to the test eye and non-test eye, respectively, and n is an exponent. The equations assume that the target signal is detected by mechanisms dominated by the test eye, and the portion of the masking signal from the non-test eye that would reach the target detectors depends on I t via interocular gating. The maximal masking signal and the semisaturation constant are assumed to be equal to the test illuminance. Then, threshold is calculated according to
where the parameter p is the masking strength, reflecting the effect of temporal modulation. When the mask luminance was steady, S m and S t have the same weight with the p value of 1. The model fits to the averaged data on threshold-elevation over the two observers with two free parameters were shown by smooth curves in Fig. 4 . The parameter values were n = 1.2 and p= 4.6 when the mask field was temporal modulated in synchrony with the test contrast.
Discussion

Retinal contribution
The first two experiments established a cortical contribution to the sensitivity attenuation at low spatial frequencies. The last two experiments suggest that the Fig. 4 . The model fits to the averaged data over the two observers: the data points are plotted in the same way as in Fig. 3 , and the smooth curves are the fits. Curves are fits to the data of a model in which the test illuminance determines the point of semisaturation of the masking effect. The letter m in the parentheses indicates that the mask field was modulated, and s indicates steady.
relative ineffectiveness of interocular masking, as compared to monocular (or binocular) masking, is due to a masking saturation governed by post-retinal binocular interactions. Furthermore, the experiments also revealed a role of retinal light adaptation on grating detection. Contrast threshold at high spatial frequencies follows a square-root law with mean luminance level (Van Nes & Bouman, 1967) . The luminance seen by the non-test eye in our data, however, had barely any effect on the test gratings above 1 cpd (see Fig. 1 ). This suggests that the square-root law observed at high spatial frequencies reflects the functions of retinal mechanisms. In contrary to conventional thought that retinal light adaptation reduces visual sensitivity selectively at low spatial frequencies, our data indicate that light adaptation reduces sensitivity at all spatial frequencies (more noticeably at high spatial frequencies), with the change in shape being due principally to cortical masking interactions.
Ri6alry
Conditions in our experiments were chosen to facilitate interocular summation of the left and right eye stimuli and to avoid binocular rivalry suppression. Grating stimuli were generally low contrast, the display time was fairly short, the two stimuli followed similar time courses and nonius lines were included to allow the subject to monitor for suppression of one eye (Levelt, 1968; Liu, Tyler & Schor, 1992; Howard & Rogers, 1995) . It must be acknowledged that part of the test field might have been suppressed without the subject knowing it. However, rivalry suppression was not evident in our experiments: the grating stimulus never disappeared in patches and the nonius lines at the center of the displays were constantly visible. Furthermore, as discussed by Legge (1979) , the masking effect we observe increases as the frequency components of the test and the mask get closer. An effect due to rivalry would be expected to go the other way, with more rivalry between dissimilar patterns. An overall suppression of the test eye would be expected to affect all spatial frequencies, not just the low. Our results are more consistent with a masking interaction occurring after a summation of left and right eye stimuli.
Binocular interaction
The saturation effect revealed in the last two experiments can be described by an interocular gating that is described quantitatively with a Naka -Rushton equation in which the illuminance to the test eye determines the semisaturation constant, but our results do not suggest a particular circuitry in the visual pathway. The interaction bears some similarity to the effect of unequal contrast on stereopsis. Several research groups have shown that raising the contrast in just one eye hampers stereoscopic depth judgments (Halpern & Blake, 1988; Legge & Gu, 1989; Schor & Heckman, 1989) . This effect has subsequently been shown to be limited to low spatial frequencies (Cormack, Stevenson & Landers, 1997) . Kontsevich and Tyler (1994) have suggested that this effect is due to mutually inhibitory interactions occurring prior to the site of binocular combination. Although this explanation accounts for some results, it is not clear how this theory can explain the masking saturation in our data.
We also tried to use retinal adaptation, rather then interocular gating, to model the data, by assuming the background signals out of the retinas follow NakaRushton equation:
Furthermore, a relaxed detection role was used by adding more free parameters, that is, I 0 and h:
Eq. (6) contains four independent free parameters, which is two more free parameters than Eq. (3). Even so, this model did not fit the experimental data as well as the model of interocular gating did as shown by Yang and Stevenson (1998) . The main problem with Eq. (6) is that it predicts that the asymptote of the threshold-elevation curve reduces as the illuminance to the test-eye increases, which is not what we observed in the experiments.
Temporal frequency selecti6ity
Interocular luminance masking on grating detection has been reported previously, but with significantly different conditions. Green and Odom (1984) showed that an 8 Hz flickering uniform field seen by the non-test eye could elevate the contrast threshold for detecting an 8 Hz moving grating of 0.67 cpd by about 0.4 log unit. Green and Odom (1984) attributed this effect to 'transient mechanisms'. We obtained a somewhat larger effect in our study, but with a more gradual fade-in and fade-out presentation, which does not fit with the general idea of a 'transient' stimulus. Previous interocular masking experiments with steady fields have shown either no masking (Blake, Breitmeyer & Green, 1980) or a slight enhancement of sensitivity (Denny, Frumkes, Barris & Eysteinsson, 1991) , but the lowest spatial frequency used in the two studies was 1 cpd. We find that the effect is limited to lower spatial frequencies, accounting for the negative results in these previous studies.
Conclusions
1. The background field selectively desensitized visual sensitivity at low spatial frequencies. The interocular presentation insures that this sensitivity attenuation at low spatial frequencies is not caused by retinal processes, but by frequency masking interactions in the cortex. 2. The often observed small effect in interocular luminance masking can be attributed to (a) some form of interocular gating and (b) less overlap between the test and the mask in the spatiotemporal frequency domain.
